Initial studies investigating single-agent activity of immune checkpoint inhibitors (ICIs) serve as proof of principle that harnessing the immune system can have anticancer activity in a variety of human malignancies. Although breast cancer was historically believed to be immunogenically silent, early studies indicate overall response rates with ICIs are similar to those observed with many other solid malignancies. Overall response rates in advanced breast cancer are low, but the responses are remarkably durable. A deeper understanding of the biology of the interaction between cancer and immune cells is required to both develop biomarkers that more accurately predict response to therapy and identify effective immunotherapy-based combination strategies that can enhance the immunogenicity of biologically "cold" tumors. Breast cancer encompasses a variety of diseases defined by the presence or absence of central oncogenic drivers, and early data suggest that the distinct subtypes may have unique immune phenotypes. Breast cancer represents an ideal disease in which to investigate immunotherapeutic strategies given the prevalence of the disease, unique clinical trial design opportunities, and immunophenotypic diversity. J Natl Compr Canc Netw 2018;16(10):1259-1268 doi: 10.6004/jnccn.2018 A hallmark of cancer is the ability to evade the immune system through tumor-mediated immune escape mechanisms. 1 Immune evasion can occur via a number of mechanisms, including the manipulation of key immune checkpoints that regulate the adaptive immune system, including CTLA-4, PD-1, and PD-L1. CTLA-4 inhibitors were the first immune checkpoint inhibitors (ICIs) to demonstrate a benefit in melanoma; subsequently PD-1/PD-L1 inhibitors have shown response rates across a wide variety of cancers ranging from 10% to 27%. [2] [3] [4] [5] [6] [7] Although the FDA has approved a number of ICIs for a variety of cancers, the proportion of patients who benefit from single-agent ICIs is low. However, these monotherapy studies have demonstrated that immunotherapy can elicit durable antitumor responses. Understanding the interaction between the immune system and cancer is crucial for identifying patients most likely to respond to treatment and for optimizing Dr. Santa-Maria has disclosed that he receives grant/research support from Pfizer and Medimmune, and serves on the advisory board for Polyphor. Dr. Nanda has disclosed that she serves on the advisory board for AstraZeneca, Celgene, Genentech, Merck, Pfizer, Puma, and Syndax. immunotherapy-based treatment strategies. This article reviews the experience with immune checkpoint blockade in breast cancer and future directions in therapeutic and biomarker strategies.
A hallmark of cancer is the ability to evade the immune system through tumor-mediated immune escape mechanisms. 1 Immune evasion can occur via a number of mechanisms, including the manipulation of key immune checkpoints that regulate the adaptive immune system, including CTLA-4, PD-1, and PD-L1. CTLA-4 inhibitors were the first immune checkpoint inhibitors (ICIs) to demonstrate a benefit in melanoma; subsequently PD-1/PD-L1 inhibitors have shown response rates across a wide variety of cancers ranging from 10% to 27%. [2] [3] [4] [5] [6] [7] Although the FDA has approved a number of ICIs for a variety of cancers, the proportion of patients who benefit from single-agent ICIs is low. However, these monotherapy studies have demonstrated that immunotherapy can elicit durable antitumor responses. Understanding the interaction between the immune system and cancer is crucial for identifying patients most likely to respond to treatment and for optimizing
Single-Agent Immune Checkpoint Experience
Although there are many molecular subtypes of breast cancer, clinically they are classified by the presence or lack of endocrine receptors (ERs) and HER2. 8, 9 Response rates to immunotherapy in breast cancer vary among the different clinical subtypes of breast cancer. Breast cancer subtypes are both genetically and phenotypically distinct, and although this may not be the optimal classification to assess immunotherapy sensitivity, they provide a unique consideration regarding drug development strategies. Early studies suggest that breast cancer lacking these major receptors-triple-negative breast cancer (TNBC)-appears to be the most immunosensitive of the subtypes.
Triple-Negative Breast Cancer
To date, TNBC is the breast cancer subtype in which immune checkpoint blockade has shown the most promise. The KEYNOTE-012 study was a multicohort phase IB study that evaluated the safety and tolerability of the PD-1 inhibitor pembrolizumab in multiple tumor types, including metastatic TNBC. Patients were eligible for enrollment if their tumors were positive for PD-L1 expression (at least 1% of tumor or infiltrating immune cells were positive for PD-L1 by immunohistochemistry). The overall response rate (ORR) in the 32-patient cohort was 18.5% (95% CI, 6.3%-38.1%), median time to response was 17.9 weeks (range, 7.3-32.4 weeks), and median duration of response was not reached (15 to ≥47.3 weeks). 10 The subsequent phase II KEYNOTE-086 study evaluated the efficacy of pembrolizumab in a larger cohort of patients with advanced TNBC. Cohort A included patients with previously treated metastatic TNBC (including patients with both PD-L1-positive and -negative disease); cohort B included patients with previously untreated metastatic PD-L1-positive TNBC. 11, 12 ORRs in cohorts A and B were 4.7% and 23%, respectively. Lactate dehydrogenase (LDH) levels and the percentage of patients with visceral metastases were slightly higher in cohort A than B (51% vs 40% and 74% vs 69%, respectively). Median time to response was a month longer in cohort A (12 weeks) than in cohort B (8.7 weeks). Notably, the ORR in cohort A was similar irrespective of PD-L1 status; all patients in cohort B were required to have PD-L1-positive disease. These findings suggest that certain clinical features, such as line of therapy and disease burden, correlate with response and may be important patient selection criteria.
Another study investigating the PD-L1 inhibitor atezolizumab in metastatic TNBC demonstrated an ORR of 10% in 112 evaluable patients unselected for PD-L1 status. 13 In this study, PD-L1 positivity was defined as >5% staining of tumor-infiltrating immune cells on immunohistochemistry, and patients who were PD-L1-positive had longer median overall survival (OS) compared with those who were PD-L1-negative (10.7 months [95% CI, 7.2-14.7] vs 7.1 months [95% CI, 5.1-12.6], respectively). However, higher levels of tumor-infiltrating lymphocytes (TILs, >10%) versus lower levels was a more discriminating biomarker of median OS (12.6 months [95% CI, 10.5-not reached) vs 6.6 months [95% CI, 4.9-10.2], respectively). Finally, as in the KEYNOTE-086 study, line of therapy was an important determinant of response, with an ORR of 26% in patients who had not received any therapy for advanced-stage disease, whereas those who had received at least one line of therapy for metastatic breast cancer had an ORR of <8%. The phase IB JAVELIN study investigated avelumab, an anti-PD-L1 antibody, in various breast cancer subtypes. Avelumab monotherapy was associated with an ORR of 5.2% in the TNBC subgroup (n=58), which increased to 22.2% in PD-L1-positive TNBC (defined as PD-L1 expression >10%).
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Hormone Receptor-Positive Breast Cancer
Although preliminary data suggest response rates may be lower in ER-positive disease compared with TNBC, durable responses have been observed with immune checkpoint blockade. A clinical trial of 26 patients with estrogen receptor (ER)-positive metastatic breast cancer treated with the CTLA-4 inhibitors tremelimumab and exemestane found an increase in peripheral CD4-positive and CD8-positive T cells relative to FOXP3-positive regulatory T cells, which may be suggestive of a robust antitumor immune response. Furthermore, 42% of patients experienced stable disease (SD) for at least 3 months despite previously progressing on antihormone therapy, although no benefit was observed among patients with prior exemestane (n=5).
14,15 In the aforementioned JAVELIN study that included 72 patients with ER-positive, HER2-negative breast cancer, 2 responses were observed (ORR, 2.8%), although only 55% of patients had PD-L1 expression ≥1%. 16 The KEYNOTE-028 study with pembrolizumab reported an ORR of 12% for patients with ER-positive disease expressing PD-L1, although this was a heavily pretreated population.
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HER2-Positive Breast Cancer
HER2-positive breast cancer can be associated with a robust immune infiltrate, suggesting a role for immunotherapy in this breast cancer subtype. Initial studies have demonstrated a relatively low response rate to checkpoint monotherapy in a heavily pretreated HER2-positive population. The only presented data to date in HER2-positive breast cancer are from the JAVELIN study, which included 26 patients with heavily pretreated HER2-positive disease.
14 Among these patients, there were no confirmed responses. Although monotherapy response rates were not observed in the JAVELIN study, combining ICIs with HER2-directed therapy may be more beneficial. Trastuzumab, a monoclonal antibody against HER2, primarily works through antibody-dependent cellular cytotoxicity, which may benefit from immune-stimulating therapies. The PANACEA study investigated pembrolizumab in combination with trastuzumab in HER2-positive metastatic breast cancer, and the ORR in patients with PD-L1-positive disease was found to be 15% (95% CI, 7%-27%). 18 Of note, patients had previously received and progressed on trastuzumab; therefore, responses were likely due primarily to pembrolizumab rather than demonstrating a true synergistic response with trastuzumab. Responses were not observed in patients with PD-L1-negative disease. PD-L1 status strongly correlated with baseline stromal TIL infiltration (P=.0004), and patients with ≥5% stromal TILs versus <5% had an ORR of 39% versus 5%, respectively. A phase II study is now investigating TDMI with or without atezolizumab (ClinicalTrials. gov identifier: NCT02924883).
Combination Approaches Using Immunotherapy
Next-generation studies are now investigating how to combine immune checkpoint blockade with novel agents that can potentially "prime" tumors that are not immunogenic (ie, immune cold) phenotypes into ones that are (immune hot) in order to augment response rates. Table 1 summarizes reported combinations in metastatic breast cancer. These approaches are now being investigated in the early-stage setting, where the implications may include improving cure rates.
Chemotherapy Combinations
There is an intricate, bidirectional relationship between chemotherapy and the immune system. Chemotherapy requires an intact immune system to have maximal antitumor efficacy, and can modulate the immunogenicity of tumors. The efficacy of numerous chemotherapeutic agents is decreased in immunedeficient states. 19 Furthermore, conventional chemotherapy can enhance the immunogenic properties of malignant cells, which may stimulate immune effector cells. Chemotherapy can potentially increase antigen release and improve immunogenicity, which may result in increased susceptibility to the immune system.
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A phase IB study in metastatic TNBC investigated atezolizumab with nab-paclitaxel, and found the ORR to be 38%. The study did not require tumor PD-L1 positivity, and responses were seen irrespective of PD-L1 status. 20 These results will be validated in the randomized phase III IMpassion130 study, which randomized patients to nab-paclitaxel ± atezolizumab (ClinicalTrials.gov identifier: NCT02425891). A press release has declared that the primary end point of progression-free survival was met in the intention-to-treat and PD-L1-positive first-line populations, making this the first phase III study in breast cancer to show a survival benefit to immunotherapy. 21 In another study investigating pembrolizumab + eribulin in 106 patients with metastatic TNBC, the ORR was 26.4% (95% CI, 18.3%-35.9%) and response rates were similar regardless of PD-L1 status. 22 Another small study (n=12) evaluating pembrolizumab with capecitabine in metastatic TNBC found the ORR to be 42%. 23 The KEYNOTE-355 study is a randomized phase III study investigating chemotherapy with or without pembrolizumab in the frontline setting in metastatic TNBC. In an effort to better understand which chemotherapy agent would pair best with immunotherapy, the TONIC trial randomized patients with metastatic TNBC to receive nivolumab with either radiation, doxorubicin, cisplatin, or cyclophosphamide. 24 The authors observed that the response rate was highest with doxorubicin (ORR, 35%), followed by cisplatin (ORR, 23%). Single-agent nivolumab (ORR, 17%) had a better response rate then either radiation (ORR, 8%) or cyclophosphamide (ORR, 8%). It is important to note that this trial included a small number of patients (n=66) randomized into multiple arms, and the study was not powered for comparison between arms.
The most promising evidence of the synergism between chemotherapy and immunotherapy was demonstrated in the I-SPY2 phase II neoadjuvant clinical trial. 25 This study investigated the addition of pembrolizumab to paclitaxel followed by dose-dense doxorubicin with cyclophosphamide in HER2-nega-tive early-stage breast cancer. In the TNBC cohort, the Bayesian model estimated that the pathologic complete response (pCR) rate was 60% with the addition of pembrolizumab versus 20% without-a tripling of the estimated pCR rate. Likewise in the ER-positive cohort, the estimated pCR rate nearly tripled, from 13% to 34%, with the addition of pembrolizumab-an unprecedented improvement in the estimated pCR rate in this breast cancer subtype. The estimated pCR rate seen for the TNBC cohort was lower than what has been reported for anthracycline and taxane regimens in other studies. 26 A number of patients in the control arm received carboplatin in addition to chemotherapy if they were found to have a suboptimal response to standard chemotherapy. Even if these patients went on to achieve a pCR, for the purposes of the study, they were counted as non-pCR because they deviated from their assigned treatment. Although most toxicities were consistent with what has been observed with taxane-and anthracycline-based therapy, there was a disproportionately higher incidence of immune-related toxicities, the most common being thyroid function abnormalities (hyperthyroidism and hypothyroidism) and adrenal insufficiency (both primary and secondary). Adrenal insufficiency was observed in 6 of 69 patients randomized to pembrolizumab (8.7%)-a reminder of the potential toxicity of ICIs and the importance of long-term follow-up as these agents are translated into the early-stage, curative setting.
These data can be contrasted with those of the recently reported GeparNuevo study, which randomized 174 patients with early-stage TNBC to receive nab-paclitaxel followed by epirubicin and cyclophosphamide ± durvalumab. 26 Investigators found a pCR rate of 53% in the durvalumab arm and 44% in the control arm; however, these were not statistically different (P=.287; adjusted odds ratio, 1.53; 95% CI, 0.82-2.84; P=.182). The study was designed to give some patients (n=177) a 2-week "window" of durvalumab or placebo before receiving chemotherapy (± continued durvalumab according to their initial treatment allocation). The authors noted that in the "window" cohort, patients in the durvalumab arm had a better pCR than those in the placebo arm (61% vs 41%, respectively), suggesting that induction durvalumab may be beneficial. The investigators did note that younger patients (aged <40 years) and those with higher stage disease had numerically higher pCR rates if durvalumab was added versus placebo.
Immune-Based Combinations
Augmenting the immune response with a variety of other ICIs is an important strategy being investigated. Inhibition of both CTLA-4 and the PD-1/ PD-L1 axis has demonstrated clinical benefit in several tumor types. 27, 28 A pilot study of 18 patients investigating tremelimumab and durvalumab in metastatic breast cancer found this combination to have an ORR of 17% in an unselected population; however, responses were only observed in TNBC (ORR, 43%) rather than ER-positive disease (ORR, 0%). An expansion cohort in TNBC for this study is currently accruing (ClinicalTrials.gov identi- Abbreviations: CNS, central nervous system; ER, estrogen receptor; ORR, overall response rate; TNBC, triple-negative breast cancer.
fier: NCT02536794). 29 This trend closely mirrors that seen with single-agent PD-1/PD-L1 inhibitors, wherein TNBC tends to have higher responses to immune-stimulatory therapy than ER-positive disease, but further validation is required.
Indoleamine 2,3-dioxygenase (IDO) is an immune checkpoint that is involved in immune tolerance. It is an enzyme that breaks down tryptophan, which can lead to effector T-cell apoptosis and growth arrest. IDO can be expressed on tumor cells, but also on cells in the microenvironment. In melanoma, the IDO inhibitor epacadostat has been combined with nivolumab in patients with advanced solid tumors; ORR in treatment-naïve melanoma was 63%, although it was 23% in head and neck cancer. 30 This drug class is being investigated in multiple other malignancies, including breast cancer (ClinicalTrials.gov identifier: NCT02178722).
Vaccines have been investigated in breast cancer for many years with limited success. Most studies have focused on peptide-based vaccines in the adjuvant setting derived from antigenic epitopes of tumor-associated antigens, such as HER2, MUC-1, cancer testis antigens, human telomerase reverse transcriptase (hTERT), carcinoembryonic antigen (CEA), p53, and mammaglobin-A (MAM-A).
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HER2 peptide vaccines targeting the E75 peptide nelipepimut-S in combination with granulocytemacrophage colony-stimulating factor (GM-CSF) have been studied in a phase I/II trial in the adjuvant setting, demonstrating that disease-free survival (DFS) may be improved in the vaccinated versus unvaccinated group (5-year DFS, 89.7% vs 80.2%, respectively; P=.008; 5-year DFS, 94.6% in those optimally vaccinated; P=.05). 32 Tumors in this study could have any degree of HER2, and these findings have resulted in larger confirmatory studies (ClinicalTrials.gov identifier: NCT01479244). GM-CSFsecreting vaccines have been found to have potent antitumor effects in preclinical models, although as a single agent they have not been found to produce significant clinical benefit. Preclinical studies of GM-CSF-secreting vaccines in combination with immunomodulatory doses of cyclophosphamide and trastuzumab have demonstrated synergistic antitumor effects. This combination was studied in an early-phase study in patients with HER2-positive metastatic breast cancer, showing a clinical benefit rate at 6 months of 55% (95% CI, 32%-77%; P=.013) and median progression-free survival of 7 months (95% CI, 4-16 months). 33 These data have led to a larger randomized phase II study (NCT00971737). With the development of ICIs, the vaccines may offer a personalized approach to immunotherapy, and are poised to have greater success in clinical trials.
Cryotherapy Combinations
A mechanism of resistance to immunotherapy in breast cancer may be failure of the immune system to recognize the tumor, namely lack of immunogenic neoantigens. 34 Cryotherapy can cause cell death and initiate inflammation, which can expose intact neoantigens that can be recognized by the immune system. 35 A pilot study investigating a single dose of preoperative ipilimumab followed by cryotherapy in a largely ER-positive cohort (72% of patients) found that therapy was associated with sustained elevations in CD8-positive T cells and Th1 cytokines, suggesting an induced synergistic antitumor immunity. 36 Deep sequencing of T-cell receptor DNA correlated with TIL assessment on hematoxylin-eosin-stained sections, and cryoablation was associated with an expansion of peripheral blood and intratumoral Tcell clones, suggesting that these may be potential biomarkers of T-cell responses. 37 These results demonstrate favorable immunomodulation and have led to additional studies now investigating cryotherapy with ipilimumab and nivolumab (ClinicalTrials.gov identifier: NCT02833233).
Radiation Combination
Radiation can promote release of inflammatory chemokines in the microenvironment as well as neoantigen release, which leads to recruitment of antigenpresenting cells and activated cytotoxic T cells. 38 Preclinical data using breast cancer models suggest that treatment with radiation and PD-1 inhibition can induce endogenous antigen-specific immune responses. 39 In orthotopic brain mouse models, radiation in combination with PD-1 inhibition resulted in increased survival compared with either treatment alone. 40 A unique phenomena seen with radiation and immunotherapy is the abscopal effect, wherein tumor regression in other metastatic sites can be observed after treatment with radiation; this has been reported in a patient with melanoma treated with radiation and ipilimumab. 41 The combination of radiation and immune checkpoint blockade has been investigated in a small pilot study of 26 patients with breast cancer and brain metastases. Six patients with HER2-positive disease were treated with trastuzumab, tremelimumab, and whole-brain radiation. One patient experienced a non-central nervous system (CNS) partial response and another experienced SD; both were durable responses lasting at least 6 months. In 20 patients with HER-negative disease, 2 experienced non-CNS SD. 42 Another small pilot study investigated the combination of pembrolizumab with radiation (3,000 Gy in 5 fractions) in 17 patients with metastatic TNBC. Only 9 patients were evaluable for response due to rapid disease progression; however, 3 (33%) had a partial response and 1 (11%) had SD, and responses outside the radiation field were observed in 3 (33%). 43 Although these are small studies and the response rates are modest, this provides clear evidence of durable abscopal effects. Furthermore, these studies demonstrate the importance of patient selection; many of the patients were inevaluable due to rapidly progressive disease. A number of ongoing trials are investigating radiation in combination with immunotherapy (ClinicalTrial.gov identifiers: NCT02303366, NCT03051672, NCT03366844).
Epigenetic Approaches
Posttranslational modification can regulate genes involved in immune recognition, opening the possibility of "priming" tumors for immunotherapy. 5-azacitidine is a pyrimidine nucleoside analog that inhibits DNA methyltransferase, resulting in hypomethylation in a number of genes, and can thus regulate gene expression. In vitro studies in breast cancer cell lines have demonstrated that treatment with 5-azacitidine results in enrichment of genes involved in immunomodulatory pathways, including interferon signaling, antigen processing and presentation, and cytokine expression. 44 Preclinical studies have also shown that azacitidine may upregulate PD-L1. 45 Histone deacylase inhibitors have also been found to have immunomodulatory effects. The EN-CORE 301 study investigating exemestane ± entinostat found that treatment with entinostat led to decreases in granulocytic and monocytic myeloidderived stem cells (which inhibit T-cell proliferation and Th1 cytokine secretion) and increases in HLA-DR expression on CD14-positive monocytes. 46 Studies combining epigenetic therapy with immunotherapy are ongoing (ClinicalTrials.gov identifiers: NCT02453620, NCT02708680).
Other Targeted Combinations
The concept of priming tumors for immunotherapy may also be applied to numerous other classes of agents. Cyclin-dependent kinases 4 and 6 (CDK4/6) inhibitors interrupt the cell cycle and have been found to have clinical benefit in patients with metastatic ER-positive disease. 47, 48 Furthermore, CDK4/6 inhibitors have been shown to recruit TILs in the neoadjuvant setting, and thus may be an important primer for immunotherapies. 49 Studies investigating the role of CDK4/6 inhibitors with immunotherapy are ongoing (ClinicalTrials.gov identifier: NCT03147287).
PARP inhibitors have demonstrated improved survival in patients with metastatic HER2-negative breast cancers and germline BRCA mutations, and have now been FDA-approved. 50 BRCA mutations can result in DNA repair defects through homologydirected repair (HDR) deficiency. Abnormalities in other DNA repair mechanisms, such as mismatch repair (MMR) deficiency, can be associated with very high mutational burden, rendering tumors sensitive to PD-1 inhibition. 51 Furthermore, preclinical studies suggest that PARP inhibitors can upregulate PD-L1 in breast cancer models, which may make them a suitable combination agent for immunotherapy. 52 A recent phase I study in women's cancers investigating the PD-L1 inhibitor durvalumab in combination with the PARP inhibitor olaparib found an ORR of 17%; however, many patients experienced SD ≥4 months, and the disease control rate (DCR) was 83%. 53 A randomized phase II study is underway to investigate olaparib ± atezolizumab in metastatic TNBC that is HDR-deficient (ClinicalTrials.gov identifier: NCT02849496). The TOPACIO/KEY-NOTE-162 study was a single-arm phase II study that found patients with metastatic TNBC treated with niraparib and pembrolizumab had an ORR of 28% (n=46), and durable responses were observed irrespective of PD-L1 or BRCA status. 
Immune-Related Biomarkers Tumor Infiltrating Lymphocytes
TILs are associated with response to chemotherapy and prognosis in breast cancer. In the neoadjuvant setting, numerous studies have shown a correlation between stromal TILs and pCR, particularly in TNBC and HER2-positive breast cancer. 55 In the adjuvant setting, increased stromal TIL levels at diagnosis in TNBC are associated with better outcomes after anthracycline-based chemotherapy. 56 Similarly, stromal TILs have been associated with better outcomes after trastuzumab-based therapy in patients with HER2-positive breast cancer in the adjuvant setting. 57 Stromal TIL level at baseline may also help identify responders to immunotherapy. In a study evaluating atezolizumab in metastatic breast cancer, tumors with >10% TILs had a higher DCR than those with TILs ≤10% (19% vs 7%, respectively); furthermore, median OS was 12.6 versus 6.6 months, respectively (P=.0028). 58 Stromal TILs were also examined in the KEYNOTE-086 study, which found that median levels were higher in cohort B (17.5% vs 5% for cohort A; P<.001), which was the cohort that was treatment-naïve and had a better ORR. When both cohorts were combined, responders clearly had higher TIL levels than nonresponders (37.5% vs 5%, respectively; P<.001). In fact, TILs outperformed PD-L1 as a predictive marker, and in multivariate analysis, PD-L1 status did not add to the predictive model. 59 Another critical observation made in this analysis was the distribution of TILs by organ site, where lymph nodes had high TILs and, notably, liver metastasis had low levels. Indeed, this may explain limited responses seen in patients with liver metastasis.
Immunohistochemistry Approaches
Like with other cancer histologies, PD-L1 overexpression by immunohistochemistry is associated with response in some studies; however, other studies have shown that patients with PD-L1-negative tumors may also exhibit responses, suggesting that PD-L1 expression alone may not fully predict response to immunotherapy. 10, 12, 60, 61 The lack of standardization and variable cutoffs also hamper development of this biomarker. When combination CTLA-4 and PD-1 therapies are used, PD-L1 status is not associated with response in melanoma. 28 Furthermore, when combined with chemotherapy in breast cancer, early initial studies suggest that PD-L1 status, although inconsistently defined across studies, may not be relevant. 20, 22 Although in the development of targeted therapies a biomarker of said target is sufficient to identify potential responders to a corresponding inhibitor (ie, HER2 and trastuzumab), immunecancer cell interactions are far more complex, and more comprehensive biomarkers may be required. One promising technology to capture this complex biology are multiplex immunohistochemical assays. Multiplex immunohistochemistry can evaluate several biomarkers concurrently on both the tumor cells and on the immune cells within the tumor microenvironment (ie, PD-L1, CTLA-4, LAG3, IDO), and are currently under investigation.
Immunogenomics
Immunogenomics is the genetic characterization of the immune system using DNA and RNA sequencing technologies and may be used to describe tumorimmune system interactions. Immune cells identify cancer cells by detecting antigens, termed neoantigens, expressed on cancer cells. Higher mutational burden may correlate with more diverse neoantigen landscapes and predict responses to immunotherapy in patients with melanoma and lung cancer. 62, 63 Similarly, patients with MMR-deficient cancers have a higher number of somatic mutations compared with those who are MMR-proficient, but furthermore, they have better responses to immune checkpoint blockade. 64 Diverse neoantigen landscapes are more likely to stimulate neoantigen-specific T cells, which can be measured through T-cell receptor sequencing to quantify the clonality of the T-cell receptor repertoire. Preliminary studies in patients with melanoma and lung cancer suggest that patients with oligoclonal T-cell receptor repertoires are more likely to respond to immunotherapy. 63, 65 These immunogenomic biomarkers may, therefore, help identify patients with breast cancer more likely to benefit from immunotherapies. Clonal expansion of the T-cell receptor repertoire has also been associated with response to neoadjuvant therapy in early-stage breast cancer. 66 In the study investigating durvalumab and tremelimumab in metastatic breast cancer, investigators demonstrated that mutational and neoantigen burden was associated with immunosensitivity, and responders were found to have an oligoclonal expansion of the T-cell receptor repertoire, as well as upregulation of immune-related gene expression (CD8, granzyme A, perforin 1). 67 The dynamic changes that can be assessed through immunogenomic markers may be important in identifying patients more likely to benefit from immunotherapy.
Conclusions and Future Directions
Initial studies of immunotherapy in breast cancer have been useful in generating preliminary data to guide further development of these agents in breast cancer. We have established that a subset of breast tumors are immunogenic, and ORRs in TNBC are comparable with other malignancies for which singleagent ICIs have already been approved. As with other cancers, patients with breast cancer that responds to therapy tend to have durable clinical benefit and prolonged survival. Another crucial lesson learned from these studies is that clinical context matters, and this will help to inform patient selection for future studies. Findings from KEYNOTE-086 and the atezolizumab phase IA study suggest that a frontline approach results in higher responses rather than latter lines, possibly because patients who are treatment-naïve have greater immune competency than those who have undergone multiple lines of chemotherapy. Gross disease burden, which may be estimated by LDH level or presence of visceral disease-in particular liver metastasis, which has been demonstrated to have low TILs-may also be a factor; patients in KEYNOTE-086 cohort A had higher LDH levels and visceral involvement and did worse than those in cohort B. Furthermore, time to response is longer than what is observed with chemotherapy, which may limit benefit in patients with rapid disease progression. These clinical factors present a dilemma in TNBC, which typically behaves aggressively and often manifests with significant visceral involvement. Thus, for most cases of TNBC, singleagent immunotherapy will likely be insufficient. Bio- 14. Dirix logically rational combination strategies informed by preclinical investigations are critical for efficient and successful clinical development. Because single-agent responses are low, patient identification is crucial and predictive biomarkers are urgently needed. PD-L1 status may not be sufficient, thus a better understanding of the biological interaction between cancer and the immune system and its microenvironment is required to develop comprehensive biomarkers that fully capture phenotypes most likely to benefit from immunotherapy. Given that most breast cancers are immunologically silent, or "cold," combination strategies to turn these tumors "hot" will be particularly crucial. Rethinking breast cancer classification according to immunophenotype may also be necessary to distinguish patients who may benefit from singleagent therapy from those who require combination strategies. Table 2 reviews some key clinicopathologic features that appear to impact response to ICIs. Although the field of immunotherapy is relatively nascent in breast cancer, clinical activity has been established. Breast cancer has been the prototypic cancer histology, in which translational research has led to powerful targeted therapies and better patient outcomes, with almost a quarter million new diagnoses and 40,000 breast cancer-related deaths a year; however, much remains to be accomplished. Because of its prevalence, the opportunity to perform neoadjuvant studies due to ease of tissue acquisition, and its immunophenotypic heterogeneity, breast cancer is an ideal malignancy in which to study immunotherapy strategies. This may not only result in better outcomes for patients with breast cancer but also lead the way for translational immunotherapy development in other cancer types.
